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The iron-storage protein, ferritin, is widely found in all Domains of life. A conserved diiron center in
ferritin catalyzes oxidation of Fe(II) and regulates storage of the resultant Fe(III) oxidation product.
When this center is ﬁlled with Fe(III), in bacterial or archaeal ferritin the presence of phosphate
accelerates the rate of Fe(II) oxidation. The molecular mechanism underlying this stimulatory effect
of phosphate is unknown. Using site directed mutagenesis of the residues in the diiron center of the
archaeal ferritin from Pyrococcus furiosuswe show that phosphate facilitates displacement of Fe(III)
by Fe(II) from this site. Therefore, the rate of Fe(II) oxidation increases only when the ferroxidase
center is ﬁlled with Fe(III).
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Ferritin, the ubiquitous iron storage protein, has a hollow spher-
ical-shape made of 24 subunits. Catalytically active ferritins have a
conserved diiron center, commonly known as the ferroxidase cen-
ter (FC), located in the middle of the four a-helical bundle of the
protein. The ferroxidase center is the site for catalytic oxidation
of Fe(II) [1–4]. Mammalian ferritin is a heteropolymer of two dif-
ferent subunits, the H ‘heavy’ and the L ‘light’ subunit [5,6]. Only
the H subunit is catalytically active and has the ferroxidase center.
In contrast, in archaea and bacteria twenty four identical subunits
form the shell of the protein and each subunit has a ferroxidase
center [7]. In bacteria a speciﬁc ferritin has been found with a
heme group at the interface between two subunits; it is commonly
referred to as bacterioferritin [8]. In comparison to the native iron
mineral core of vertebrate ferritin, the native iron mineral core of
bacterial ferritin is more amorphous because of the presence of
high amount of phosphate in the structure of the core [9,10]. A ra-
tio of approximately 1.0 phosphate per Fe(III) has been found for
the native iron core of bacterial ferritin [11], while a ratio of 0.1
phosphate per Fe(III) has been reported for the native core of ver-
tebrate ferritin [12]. In vitro phosphate incorporates in the core of
horse spleen ferritin (HoSF) [13] but it does not affect the Fe(II) oxi-
dation rate [14]. In contrast, in bacterioferritin [15] and archaealferritin [4] phosphate increases the oxidation rate of Fe(II) when
it is added to ferritin containing at least two Fe(III) per ferroxidase
center. The mechanism by which phosphate accelerates oxidation
of Fe(II) in these ferritins has remained elusive.
Recently we have shown that in a ferritin from the hypertherm-
ophilic archaeal anaerobe Pyrococcus furiosus (PfFtn) and in human
H ferritin (HuHF) the Fe(III) product of the ferroxidase reaction
stays metastably in the ferroxidase center until newly incoming
Fe(II) displaces the Fe(III) to the cavity of ferritin by a common
mechanism [16]. We found that the metal-binding residues in
the vicinity of the ferroxidase center [7,17–19] (Fig. 1) act as a con-
served gateway site to the ferroxidase center for entry of Fe(II) and
possibly also for exit of the Fe(III) product [16]. Two of the residues
of this gateway site and a single residue of the FeB site of the ferr-
oxidase center vary among ferritins from different organisms, e.g.
PfFtn and HuHF (Fig. 1). Here we show that phosphate facilitates
displacement of Fe(III) by Fe(II) in the ferroxidase center of PfFtn
and thus accelerates the oxidation rate of Fe(II) at this catalytic site
only when it is ﬁlled with Fe(III).
2. Materials and methods
Anhydrous potassium hydrogen phosphate (reagent grade) was
from T.J. Baker. All other chemicals were reagent grade and were
purchased from Sigma–Aldrich. Expression and puriﬁcation of
PfFtn, its mutants, and HuHF, and preparation of apo-ferritin was
Fig. 1. Comparison of the ferroxidase center and gateway site of eukaryotic ferritin and archaeal ferritin. (A) The ferroxidase center of PfFtn (PDB 2JD7) is compared with that
of (B) HuHF (PDB 1FHA). The conserved residues of the FeA and FeB site of the ferroxidase center and the residues of a third binding site in a conserved gateway to the
ferroxidase center are shown in blue, the residues of the FeB site and the conserved gateway that vary among the two ferritins are shown in orange. A conserved tyrosine in
the vicinity of the ferroxidase center is shown in pink.
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less than one Fe(III) per 24-mer. The ﬁnal concentration of the pro-
tein was measured using the Bicinchoninic acid assay (BCA) re-
agent (Pierce) with bovine serum albumin as standard. UV–
visible kinetic measurements, stopped-ﬂow measurements, and
EPR monitored redox titrations were performed as explained be-
fore [4,20]. Phosphate measurements were performed using a Dr.
Lange phosphate determination kit (Dr. Lange, Basingstoke, UK)
based on the manufacturer’s protocol.
3. Results
3.1. Phosphate does not change the mechanism of Fe(II) oxidation
During catalysis of Fe(II) oxidation in the ferroxidase center of
PfFtn a blue intermediate is formed [16]. If phosphatewould change
the mechanism of Fe(II) oxidation in the ferroxidase center, it
would be expected to affect the blue intermediate species. We
tested if phosphate changes the absorbance spectrum of the blue
intermediate (Fig. 2A). Forty-eight Fe(II) per 24-mer were aerobi-
cally added to apo-PfFtn to ﬁll the ferroxidase centers with Fe(III).
Subsequently, in the presence of 200 phosphate per 24-mer another
aliquot of 48 Fe(II) per 24-mer (two Fe(II) per ferroxidase center)
was added, and spectra were recorded using stopped-ﬂow UV–vis-
ible spectroscopy. The results were compared with those of exper-
iments performed in the absence of phosphate. In the presence of
phosphate the spectrum of the blue intermediate was unaffected,
only its intensity had decreased (Fig. 2A). Subsequently, we used
a ﬁrst-order rate equation to ﬁt the progress curves of the blue
intermediate. Because these curves showed three phases (Fig. 2B),
a single fast phase for the formation of the blue intermediate, and
two slower phases for the decay of the this intermediate to the ﬁnal
Fe(III) products, an equation with three exponentials was used:
FðtÞ ¼ A eðkfBtÞ þ B eðkdB1tÞ þ C  eðkdB2tÞ þ A1 ð1Þ
In Eq. (1), kfB, kdB1, and kdB2 are respectively the ﬁrst-order rate con-
stants for formation of the blue intermediate, decay of the blue
intermediate in the ﬁrst phase, and decay of the blue intermediatein the second phase. The resulting ﬁrst-order rate constants in the
absence of phosphate were: kfB = 12.7 ± 2.1 (s1), kdB1 = 1.4 ± 0.1
(s1), and kdB2 = 0.04 ± 0.01 (s1), and in the presence of phosphate
were kfB = 25.6 ± 4.3 (s1), kdB1 = 5.0 ± 0.3 (s1), and kdB2 = 0.05 ±
0.01 (s1). Thus, in the presence of phosphate the rate of formation
of the blue intermediate (kfB) increased circa 2-fold, but the rate of
decay of this intermediate product in the ﬁrst phase (kdB1) increased
more than 3-fold. This explains why the intensity of the blue color
decreased when phosphate was present. We conclude that phos-
phate only changes the rate of ferroxidase reaction but it does not
affect the mechanism of Fe(II) oxidation in the ferroxidase center.
3.2. Ferroxidase center plays a role in the stimulatory effect of
phosphate
Because phosphate did not change the mechanism of Fe(II) oxi-
dation in the ferroxidase center, we checked if binding of Fe(II) to
the ferroxidase center is important for the acceleratory effect of
phosphate. We have previously shown [16] that the Glu17His
mutation of the FeA site of the ferroxidase center does not affect
the Fe(II) binding to the FeB site of this center nor to the Fe(II)
binding site in a conserved gateway to the ferroxidase center
(Fig. 1). In contrast, Glu130His mutation of the FeB site or
Glu129Arg mutation of the gateway site disrupted the Fe(II) bind-
ing to all the Fe(II) binding sites. Thus, we checked the effect of
each of these mutants on the stimulatory effect of phosphate.
Phosphate does not accelerate the ferroxidase activity when Fe(II)
is added to apo-ferroxidase [4], therefore, we measured the ferrox-
idase activity of Fe(III)-ﬁlled ferroxidase center, i.e. ferritin that
contained 48 Fe(III) per protein. For all the mutants the initial rate
of the ferroxidase activity decreased signiﬁcantly, i.e. at least 10-
fold, when compared to the wild-type (Fig. 2C–F). For the Glu17His
mutant, like with the wild-type PfFtn (Fig. 2C), we observed that
phosphate increased the rate of ferroxidase activity (Fig. 2D). How-
ever, for the Glu130His and Glu129Arg mutants we did not observe
a signiﬁcant positive effect on the rate of the ferroxidase activity
(Fig. 2E–F). Thus, we conclude that Fe(II) binding to the ferroxidase
center of PfFtn is required for the stimulatory effect of phosphate.
Fig. 2. Effect of phosphate on kinetics of Fe(II) oxidation. (A) Effect of phosphate on the spectrum of the blue intermediate, and (B) effect of phosphate on the rate of formation
and decay of the blue intermediate in PfFtn. Forty-eight Fe(II) per 24-mer were added to PfFtn with Fe(III)-ﬁlled ferroxidase centers. Final concentration of PfFtn was 4 lM. (C)
Steady-state kinetics of Fe(II) oxidation in the presence and absence of phosphate for wild-type PfFtn, and for (D) the FeA site mutant Glu17His, (E) the FeB site mutant
Glu130His, and (F) the gateway site mutant Glu129Arg. forty-eight Fe(II) per 24-mer were aerobically added to PfFtn with Fe(III)-ﬁlled ferroxidase centers in the presence or
absence of phosphate and absorbance was recorded at 315 nm. The protein concentration was 0.5 lM. Measurements were performed at 37 C in duplicate. Buffer was
400 mM Mops, 100 mM NaCl, pH 7.0.
222 K. Honarmand Ebrahimi et al. / FEBS Letters 587 (2013) 220–225This observation is consistent with our previous observations that
binding of Zn(II) to the apo-ferroxidase center inhibits Fe(II) bind-
ing to this site and diminishes the stimulatory effect of oxoanions
such as phosphate orvanadate on the rate of ferroxidase reaction
[4].
A residue of the FeB site, Glu130, and two residues of the gate-
way site, Glu129 and Gly52, in PfFtn differ from the corresponding
residues of HuHF (Fig. 1). We checked if these differences affect the
stimulatory effect of phosphate. We measured the ferroxidase
activity of HuHF with Fe(III)-ﬁlled ferroxidase centers in the pres-
ence and in the absence of phosphate. We observed that phosphate
did not affect the ferroxidase activity of HuHF (Supplementary
Fig. 1). Thus, we conclude that the differences in the FeB site of
the ferroxidase center and in the conserved gateway site between
PfFtn and HuHF are the structural basis for the fact that in PfFtn
phosphate accelerates the rate of ferroxidase reaction but in HuHF
phosphate does not have any effect.3.3. Phosphate does not change the metastability of Fe(III) in the
ferroxidase center
We tested the effect of phosphate on the metastable Fe(III)–
Fe(III) cluster in the ferroxidase center and on its redox potential.
EPR monitored redox titration was employed to check formation
of the mixed-valence Fe(III)–Fe(II) cluster in the ferroxidase center
of PfFtn (Supplementary Fig. 2). One hundred phosphate per 24-
mer were added to PfFtn with Fe(III)-ﬁlled ferroxidase centers
and an EPR-monitored redox titration was performed as described
previously [21]. In the presence of phosphate a mid-point potential
of 190 mV for one electron reduction of the Fe(III)–Fe(III) center to
Fe(II)–Fe(III) and of 70 mV for one-electron reduction of Fe(III)–
Fe(II) to Fe(II)–Fe(II) were obtained (Supplementary Fig. 1). These
values were within experimental error identical to the previously
reported values for this center in PfFtn in the absence of phosphate
[21]. Therefore, phosphate neither destabilizes the metastable
Fig. 3. Effect of phosphate concentration on Fe(II) oxidation by PfFtn. 24, 48, or 96
Fe(II) per 24-mer were added to PfFtn with Fe(III)-ﬁlled ferroxidase centers, i.e.
PfFtn + 48 Fe(III), or 48 Fe(II) per 24-mer were added to PfFtn with the Fe(III)-ﬁlled
ferroxidase center plus a small core of 48 Fe(III) per protein, i.e. PfFtn + 96 Fe(III).
Addition of Fe(II) was performed in the presence of different amounts of phosphate.
The protein concentration in all experiments was 0.6 lM. Each data point shows the
difference between the speciﬁc activity in the presence of phosphate and the
speciﬁc activity when concentration of phosphate was zero. The lines show ﬁts to
the Michaelis–Menten equation. For addition of 48 or 96 Fe(II) per 24-mer to
PfFtn + 48 Fe(III), and for addition of 48 Fe(II) per 24-mer to PfFtn + 96 Fe(III), the
best global ﬁt to all the data points is shown. The error bars represent standard
deviation of three measurements which were performed in 100 mMMops, 100 mM
NaCl, pH 7.0 at 22 C.
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potentials of the Fe(III) pair at this site.
3.4. Phosphate incorporation in the core can bypass the ferroxidase site
We tested if the ferroxidase center is essential for incorporation
of phosphate in the ferrihydrite-like mineral core in vitro. Four dif-
ferent ferritins namely wild-type PfFtn, gateway site mutant of
PfFtn, Glu129Gln, in which phosphate could not increase the rate
of Fe(II) oxidation (Supplementary Fig. 3), HoSF that contains 20–
22 L subunits per 24-mer (the L subunit lacks the ferroxidase cen-
ter), and HuHF were each loaded aerobically with different
amounts of Fe(II), i.e. 0, 48, 96, 192, or 384 Fe(II) per 24-mer, in
steps of 48 Fe(II) per 24-mer. For the experiments in the presence
of phosphate, before each step of Fe(II) addition, 48 phosphate per
24-mer were added. After complete oxidation of Fe(II) the UV–vis-
ible spectrum was recorded from 300 nm to 600 nm (Supplemen-
tary Fig. 4). In the wild-type PfFtn, E129Q-PfFtn, and HoSF the
absorbance spectrum of the Fe(III)-mineral core, between 340
and 600 nm, decreased signiﬁcantly when phosphate was present
in comparison to when phosphate was not added. In HuHF how-
ever the ferritin-bound Fe(III) spectrum did not change signiﬁ-
cantly in the presence of phosphate. In Glu129Gln the effect was
slightly less than in the wild-type PfFtn. Thus, it appeared that in
wild-type PfFtn, E129Q-PfFtn, and HoSF phosphate was incorpo-
rated in the core, but in HuHF phosphate was not efﬁciently incor-
porated in the core. To conﬁrm this conclusion we measured how
much phosphate was incorporated in the Fe(III) mineral core. We
aerobically added Fe(II) in four steps, each step 100 Fe(II) and
100 phosphate per 24-mer, to the wild-type apo-PfFtn,
Glu129Gln-PfFtn, HoSF, or HuHF. After complete oxidation of Fe(II),
we washed out the non-bound phosphate from ferritin using an
Amicon ﬁlter (10 kDa cut off) and at least 10 steps of diluting
and concentrating with the working buffer. The remaining amount
of phosphate in wild-type PfFtn, E129Q, and HoSF was found to be
0.8 ± 0.1 phosphate per Fe(III). This value is similar to the previ-
ously reported value of maximum 0.6–0.8 phosphate per Fe(III)
for sequential aerobic addition of Fe(II) in the presence of phos-
phate to PfFtn [22]. However, in HuHF a ratio of 0.4 ± 0.1 phosphate
per Fe(III) was found. Because phosphate was incorporated into the
core in E129Q-PfFtn in which the ferroxidase center was disrupted
and in HoSF which mainly consists of L subunit that lacks the ferr-
oxidase center, we conclude that incorporation of phosphate into
the mineral core does not necessarily exclusively occur via the ferr-
oxidase center reaction. The slow alternative route may require
other structural elements in the protein, e.g. Fe(III) coordination
sites for Fe(III)-mineral core growth. These sites are possibly avail-
able in eukaryotic L ferritin that induces Fe(III)-mineral core nucle-
ation [23,24], and in all subunits of bacterial and archaeal ferritin
that can efﬁciently store Fe(III).
3.5. Rate of Fe(II) oxidation is dependent on concentration of
phosphate
To gain more insight in the stimulatory effect of phosphate, we
checked the effect of different amounts of phosphate on the rate of
the ferroxidase reaction. 48 Fe(II) per 24-mer were aerobically
added to apo-PfFtn to prepare PfFtn with Fe(III)-ﬁlled ferroxidase
centers, i.e. PfFtn + 48 Fe(III). Then, 24, 48, or 96 Fe(II) per 24-
mer in the presence of different amounts of phosphate were added
and absorption was monitored at 315 nm (i.e. core formation). For
each concentration of phosphate and Fe(II) the initial rate for the
ferroxidase reaction was measured (Fig. 3) as explained previously
[20], and the speciﬁc activity (lmol of Fe(III) formed per min per
mg of enzyme) was determined. For the calculation of the speciﬁc
activity we used an extinction coefﬁcient of 2.5 ± 0.3 mM1 cm1at 315 nm because the absorbance intensity of ferritin-bound
Fe(III) at this wavelength was not affected signiﬁcantly by the pres-
ence of phosphate (Supplementary Fig. 4). The speciﬁc activity in
the absence of phosphate was subtracted from the speciﬁc activity
in the presence of phosphate to ﬁnd the effect of phosphate on
activity (Fig. 3). The results showed that with increasing amount
of phosphate the effect on the rate of Fe(III) formation increases.
Moreover, the effect of phosphate on the ferroxidase rate increased
when the amount of Fe(II) was doubled from 24 to 48 Fe(II) per 24-
mer, but another doubling to 96 Fe(II) per 24-mer did not have any
additional effect. Subsequently, we checked the effect of a small
core on the ferroxidase rate in the presence of different amounts
of phosphate (Fig. 3). To this goal an amount of 96 Fe(II) per 24-
mer was aerobically added to apo-PfFtn in two steps, of 48 Fe(II)
each, to ﬁll the ferroxidase centers and to form a small core. To this
sample 48 Fe(II) per 24-mer were added in the presence of differ-
ent amounts of phosphate (Fig. 3), and progress curves were re-
corded at 315 nm. It was observed that the presence of a small
core did not change the stimulatory effect of phosphate, and the ef-
fect of phosphate for addition of 48 Fe(II) per 24-mer to PfFtn + 96
Fe(III) was within experimental error identical to the effect of
phosphate for addition of the same amount of Fe(II) to PfFtn + 48
Fe(III). Thus, we conclude that the stimulatory effect of phosphate
depends only on the Fe(III) present in the ferroxidase center and
not on the Fe(III) in the core.
4. Discussion
Our results show that (i) in PfFtn the presence of phosphate
does not affect the metastability of the Fe(III) in the ferroxidase
center, (ii) phosphate does not change the mechanism of Fe(II) oxi-
dation in the ferroxidase center, (iii) the presence of phosphate
Fig. 4. Schematic representation of a model for the effect of phosphate on Fe(II) oxidation in PfFtn. When the ferroxidase center (FC) of PfFtn is empty the phosphate (Pi) that
weakly binds to Fe(II) dissociates as Fe(II) binds to the ferroxidase center. When the ferroxidase center is ﬁlled with metastable Fe(III), the phosphate that weakly associates to
Fe(II), dissociates from Fe(II) and strongly associates with Fe(III) thus helping the displacement of Fe(III) by Fe(II), and increasing the rate of Fe(II) oxidation. The Fe(III)-
phosphate complex then incorporates into the ferrihydrite-like mineral core. The two Fe(III) in the ferroxidase center are displaced sequentially by Fe(II), but for clarity only
displacement of one Fe(III) by Fe(II) is shown. The conserved residues of the ferroxidase center are not shown. A residue of the FeB site of the ferroxidase center that varies
among ferritins, i.e. Glu130 in PfFtn, is shown in red. The residues of the gateway site that are conserved are shown in black and those of the gateway site which are not
conserved are shown in red.
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the resulting Fe(III) products, (iv) binding of Fe(II) to the ferroxi-
dase center and presence of Fe(III) in the ferroxidase center are re-
quired for the acceleratory effect of phosphate. We found that a
residue of the FeB site of the ferroxidase center, i.e. Glu130 in PfFtn,
and a residue of the gateway site, i.e. Glu129 in PfFtn, were impor-
tant for the stimulatory effect of phosphate. Moreover, we have
previously observed by isothermal titration calorimetry that phos-
phate cannot bind to the Fe(III) in the ferroxidase center [4]. It is
known that the complex of phosphate with Fe(III) is strong at neu-
tral pH (binding afﬁnity K > 108 M1) [25,26]. Reduction of Fe(III) to
Fe(II) releases the phosphate because it is weakly bound to Fe(II)
[27]. Based on this information and on our previous observation
that incoming Fe(II) sequentially displaces the two metastable
Fe(III) in the ferroxidase center, we propose the following model
for the stimulatory effect of phosphate on catalysis of Fe(II) oxida-
tion in the ferroxidase center of PfFtn: in apo-ferritin the phos-
phate-Fe(II) complex moves to the apo-ferroxidase center where
binding of Fe(II) to its coordinating residues dissociates the weakly
bound phosphate. Because there is no Fe(III) available, the phos-
phate is released to the solution. After oxidation of Fe(II), the Fe(III)
product remains metastably bound to its coordinating ligands in
the ferroxidase center and thus phosphate is not able to bind to
it. Subsequently, newly incoming phosphate–Fe(II) displaces the
Fe(III) from the ferroxidase center, and in this process the phos-
phate that is dissociating from Fe(II) strongly associates with Fe(III)
that is dissociating from the ferroxidase center. The Fe(III)–phos-
phate complex is then more easily displaced by Fe(II) possibly be-
cause of the repulsive forces between the negatively charged
phosphate that is bound to Fe(III) and the negatively chargedcarboxylate side chain of glutamate residues of the ferroxidase
center and of the gateway site of PfFtn. The displaced Fe(III)–phos-
phate complex is released to the ferritin cavity to form a core
(Fig. 4). In HuHF Ala144 replaces the Glu130 in the FeB site of
the ferroxidase center of PfFtn, and Lys143 replaces the Glu129
of the gateway site in PfFtn (Fig. 4). These differences decrease
the number of negatively charged carboxylate residues and poten-
tially decrease the electrostatic interaction between the positively
charged Fe(III) and the residues of the FeB site and the gateway site
in HuHF. Thus, in HuHF the presence of phosphate does not accel-
erate the rate of displacement of Fe(III) by Fe(II) and subsequent
oxidation of the Fe(II) by molecular oxygen. These differences
along with the lower capacity of H ferritin to induce iron-core
nucleation in comparison to the L ferritin [23,24] are possibly also
the reason why phosphate does not incorporate stoichiometrically
in the Fe(III) mineral core in HuHF.
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